Abstract: 4-Chlorosalicylate (4-CS) can be degraded completely by a bacterial consortium consisting of Pseudomonas reinekei (MT1), Achromobacter spanius (MT3) and Pseudomonas veronii (MT4). The fourth species Wautersiella falsenii (MT2) is thought to act as a 'necrotizer' of the community. Single cell approaches were used to follow every species' degradation activity within the community by assuming that growth and proliferation are activity markers for the utilization of 4-CS and its degradation pathway intermediates as carbon and energy sources.
, please, see also materials and methods). The initial residual concentration of 4-CS as sole carbon and energy source was 5mM. Due to reasons of stability the chemostat culture was build up strain by strain beginning with strain MT1, which degraded the 4-CS to 1.76 mM, followed by strain MT3, which application disturbed the equilibration within the bioreactor for only a short time (preventing successful further degradation shortly) until the residual concentration dropped conveniently to 0.5-0.02 mM 4-CS. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 2 Abstract 1 2 4-Chlorosalicylate (4-CS) can be degraded completely by a bacterial consortium consisting of 3 Pseudomonas reinekei (MT1), Achromobacter spanius (MT3) and Pseudomonas veronii (MT4). The 4 fourth species Wautersiella falsenii (MT2) is thought to act as a 'necrotizer' of the community. Single 5 cell approaches were used to follow every species' degradation activity within the community by 6 assuming that growth and proliferation are activity markers for the utilization of 4-CS and its 7 degradation pathway intermediates as carbon and energy sources.
8
A primary/secondary antibody staining technique for species differentiation was applied and a species-9 resolved determination of proliferation activity by flow cytometry undertaken. Degradation was 10 followed by quantifying 4-CS and the resulting intermediates by HPLC. A good correlation of HPLC 11 bulk data with the proliferation activity states of every species within the community was found. It 12 was also assumed that reduced activity of strain MT4 and increased proliferation of strain MT2 might
13
have caused an observed breakdown of the consortium grown in the bioreactor.
14
The double staining technique provided the chance to follow bacterial cell states and their roles in 
11
Therefore dynamic metabolic intra-and interspecies cross-degradations are very complex.
13
This is the main reason why it is difficult to develop strategies to improve the degradation capacities 
36
In this study the activity of the members of a 4-CS-degrading consortium was analysed by attributing 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
4
Immunohistochemical analysis using strain specific antibodies revealed that MT1 is the most abundant 5 strain within the consortium with 84% (± 3), MT3 and MT4 with abundances of 8% (± 4), each and 6 MT2 with only 1% (Pelz et al., 1999). Here, the community was grown as a mixed chemostat culture 7 and samples were taken on a daily base. Cells were then fluorescence-optically separated using strain 8 specific antibodies and growth of every single species was determined by analysing proliferation 9 activity via individual chromosome content analysis and multiparametric flow cytometry.
11
The combination of the two approaches (differentiation vs. proliferation) enabled us to determine time 12 periods and rates of active growth, and by this, the catabolic activity of each species during the 13 concerted mineralization of 4-CS. We provide a high speed detection tool capable of determining the 
9
Cell cultivation 10 P. reinekei MT1, W. falsenii MT2, A. spanius MT3 and P. veronii MT4 were grown as pure cultures 11 aerobically at 30°C and pH 7.5 in 500-ml shake flasks on 300 ml peptone media (L -1 ): 5 g peptone 12 from meat (pancreatic), 3 g NaCl, 2 g K 2 HPO 4 , 10 g meat extract, 10 g yeast extract, 5 g glucose or
13
on the minimal medium PMS at 110 rpm for batch experiments (see supplemental information SI 1-3).
14
The composition of the minimal medium was as follows (mg L 
19
GmbH; Agar from Difco) or on minimal-medium-agar to control purity. All strains were stored as stock
20
cultures frozen in liquid medium containing 15% glycerol at -70°C.
21
The consortium was grown as a chemostat culture over a time period of maximal 90 days in a
22
fermenter with a working volume of 490 ml. The cells were grown in minimal medium with 5 mM 4-CS 
10
Cell preparation and staining procedures for flow cytometry
11
The harvested cells were centrifuged at 3,200 x g for 5 min, fixed with 10 % NaN 3, and stored at 4°C.
12
This procedure was found to preserve the cells for at least 3 months. For flow cytometry 13 measurements, preserved cells were centrifuged again, washed in NaCl-phosphate buffer (0.4 M
14
Na 2 HPO 4 /NaH 2 PO 4 , 150 mM NaCl, pH 7.2) and resuspended at a concentration of 3x10 8 cells ml -1 .
15
DAPI staining:
16
Two ml of diluted cell suspension were treated with 1 ml solution A (2.1 g citric acid/0.5 g Tween 20
17
in 100 ml bidistilled water) for 10 min, washed and resuspended in 2 ml solution B (1.5 µM 4',6- 
27
Flow cytometric differentiation of the species within the community was done after using the above 
37
The calibration of the antibody staining procedure was done with batch-grown as well as chemostat- differentiation. This behaviour was not observed when both species were grown on peptone.
14 However, as the targeted community had to be grown on 4-CS and aggregation to be prevented in
15
any case the strains were differentiated in separate schemes one after the other in all experiments.
16
Therefore, one by one species quantities were analysed and their proportions within the community 
34
MoFlo. Also, an internal DAPI-stained bacterial cell standard was introduced for tuning the device up
35
to a CV value not higher than 6%.
36
Each species was labelled apart from the others by using the double antibody staining technique. The 37 resulting dot plots were gated with regard to the fluorescence intensities of the labelled
38
subpopulations and the total cell number was determined by SSC vs. FSC gate setting. The To verify the quality and quantity of staining for flow cytometry, the cells were subjected to image 8 analysis (camera: DXC-9100P; software: Openlab 3.1.4., Improvision, Lexington, MA, USA) using 
12
Microphotographs were taken by another microscope with an attached camera system (Axioplan, Carl
13
Zeiss Jena, Germany; camera: CCD-3 Focus Imager 4000 System, Intas, Goettingen, Germany).
15
To obtain microscopic pictures a 1 ml sample of the chemostat culture needed to be centrifuged at The proportion of cells in the different stages of the cell cycle is a measure of the duration of these 4 phases and thus a useful tool to estimate the proliferation activity of a bacterial population. In this 5 paper, we used the DNA pattern as a snapshot fingerprint of the proliferation activities of every 6 species present in the community. The DNA subpopulations were named according to the observed 7 DNA contents as C n , whereas the subpopulation with the lowest DNA content was defined as C 1 (one 8 assumed chromosome equivalent), although we were aware that even this lowest DNA content might 9 represent multiple genomes in the respective individuals.
11
To follow proliferation activity of each strain within the consortium, the DNA distribution pattern of 12 every of the four species needed first to be analysed when cultivated in pure cultures. The strains 
23
for every strain are provided as supplemental information (SI 1 for MT1 on 4-CS, acetate, and 24 peptone, SI 2 for MT3 on acetate and peptone, SI 3 for MT4 on acetate and peptone as well as MT2 25 on peptone); the subpopulations used as tool for the strains activity determination are listed in Table   26 1.
28
The C 2 subpopulation was the most stable subpopulation in MT1 (SI 1). A clear relative increase of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 therefore suited as a marker subpopulation for the stationary state of this species (between 50.03 % 1 (± 1.86) and 86.96 % (± 5.82); Table 1 ).
3
The shapes of the DNA distributions of MT3 were found to be much more variable during growth on Table 1 ).
28
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1
The four strains were grown together on 5 mM 4-CS, since the compound cannot be mineralized as a 2 sole substrate by any of the individual species. Only MT1 was able to grow on the substrate as the 3 sole source of carbon and energy, yet only transiently and at low growth rates. Therefore, the only 4 way to mineralize 4-CS is to combine all four strains thereby enabling them to achieve the degradation 5 in concerted action. The proportions of the community members shown in SI 5B were very similar to 6 those reported earlier (Pelz et al., 1999). The dominant strain is MT1 with around 80 %, followed by
7
MT3 which decreased from nearly 20 % to 10 % during the first 40 days. Species MT4 was stably 8
represented at around 5 %, MT2 levelled to maximally 5% after 60 days of mixed cultivation.
9
Although there is some fluctuation, the whole picture indicates very stable contributions to the 10 degradation process of 4-CS even after laboratory cultivation over weeks.
11
To get information about strain proliferation activities during combined cultivation each species was
12
followed by analysing the chromosome contents every few hours while monitoring changes in 
4
Metabolic versatility of the community
5
The residual metabolite concentrations within the bioreactor were determined by HPLC. During initial 6 batch cultivation, the concentration of 4-CS stayed high at up to 5 mM (Figure 4, middle) . Thereafter, 7 the chemostat mode was started and degradation of 4-CS by strain MT1 to 1.76 mM was observed.
8
This was accompanied by high proliferation activity, which was determined to be about 74.04 %. As 9 expected this is similar to the activity determined for growth of this strain in batch culture on 4-CS 10 (Table 1) .
11
Addition of the second species MT3 on day 12 resulted in about 50% biomass loss. The residual 4-CS 12 concentration rose to 3.42 mM on day 22 before decreasing to a final concentration of 0.5-0.02 mM.
13
The concentrations of the MT1 dead-end metabolites protoanemonin and cis-dienlacton decreased 14 from 0.378 mM to 0.007 mM and from 0.018 mM to 0.0006 mM, respectively. The 4-chlorocatechol
15
(4-CC) concentration remained nearly zero since MT3 is described to show a high affinity to this 
22
The addition of the third species MT4 on day 25 resulted in another disturbance, but to a lower 23 degree, which may be due to imbalances of the system by the augmentation of this species. Addition 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14
Discussion 1 2
The success of the degradation of organic compounds obviously depends on the bacterial species 3 present and the metabolic pathways they catalyze, but also on how potentially toxic substrates or 4 intermediates are transferred or shared within a community. Since there is the a need to develop 5 reliable degradation processes, it is helpful to obtain a maximum of information on the involved 6 microbial species. In this respect, obtaining information about the activity states of populations and 7 individuals that make up a bacterial consortium is still challenging. Therefore, the basic intention of 8 this study was to develop and test a technique suited to investigate interspecies relationships in a 9 bacterial consortium without applying substance markers during the degradation process. A single cell 10 approach was used to follow the degradation activity of all populations within a four-membered 11 bacterial consortium. The technique was based on the assumption that growth and proliferation can 12 be used as an activity marker for the metabolization and utilization of a contaminant and its 13 degradation intermediates.
15
Although 4-CS is utilized by one of the community members P. reinekei MT1 at very low growth rates 16 (Table 1, 
33
To develop the method we used the fact that every species of our consortium was cultivable as pure 34 culture. Individual cultivation was used to obtain information on growth activity states correlated to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 48  49  50  51  52  53   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 populations for ongoing proliferation activity were found to be the C 1 and the C 4 subpopulations, 10 whereas the C 2 subpopulation dominated the stationary phase.
12
Supplemental information 2: 
27
C 2 , and C 4 ). The marker populations for proliferation activity were found to be C 4 cells , mainly, yet C 2 28 cells were also considered. The C 1 subpopulation was set as marker for the stationary phase.
30
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